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ABSTRACT: New insights into the mechanism of the improved photo(electro)-
catalytic activity of graphene by heteroatom doping were explored by transient
transmittance and reflectance spectroscopy of multi-layer N-doped graphene-based
samples on a quartz substrate prepared by chitosan pyrolysis in the temperature range
900−1200 °C compared to an undoped graphene control. All samples had an expected
photo-response: fast relaxation (within 1 ps) due to decreased plasmon damping and
increased conductivity. However, the N-doped graphenes had an additional transient
absorption signal of roughly 10 times lower intensity, with 10−50 ps formation time
and the lifetime extending into the nanosecond domain. These photo-induced
responses were recalculated as (complex) dielectric function changes and decomposed
into Drude−Lorentz parameters to derive the origin of the opto(electronic) responses.
Consequently, the long-lived responses were revealed to have different dielectric
function spectra from those of the short-lived responses, which was ultimately
attributed to electron trapping at doping centers. These trapped electrons are presumed to be responsible for the improved catalytic
activity of multi-layer N-doped graphene-based films compared to that of multi-layer undoped graphene-based films.

■ INTRODUCTION
Graphene, a one-atom thick 2D material constituted by sp2-
hybridized carbon atoms in a hexagonal arrangement, has
recently become popular1 since it was first isolated by using
tape to exfoliate highly oriented pyrolytic graphite.2 This is
because of its unique properties, including high electric and
thermal conductivity, mechanical and chemical resistance, and
high specific surface area,.3 Owing to the newness of the field,
there is a lack of consensus regarding the classification of
graphenes, especially when differentiating them from graphite.
The most common classifications are based on the number of
graphene layers including terms such as monolayer, bilayer,
and few-layer graphene.3,4 However, with several layers, a lack
of agreement ensues with terms including multi-layer or thick
graphene,5 ultrafine graphite,6 and graphite nanosheets,7 which
renders any proper classification of the samples difficult.
Therefore, a more literal or descriptive term “multi-layer
graphene-based films” was utilized for this paper, with the
definition of a multiple-layered film based on graphene sheets.
In electronics, high-quality, defect-free graphenes are utilized

due to their exceptional electrical conductivity, which can
surpass even metals. Such exceptional conductivity is attributed
to its unique electronic structure, which as a function of energy
and momentum can be represented by a Dirac cone.8 A Dirac
cone consists of an unfilled π* band comprising the carbon
anti-bonding orbitals and a filled π band comprising the carbon
bonding orbitals, which meet at a Dirac point.9 At the Dirac
point, carriers can move from the π to π* band, consequently
providing a quasimetallic property to graphene. When

increasing the number of layers from bilayer graphene to
graphite, the π and π* bands become more parabolic.10

Other graphene applications, particularly catalysis which is
the focus of our study, require lattice defects which promote
semiconductor behavior.11,12 Such defects include carbon
vacancies, five or seven carbon member rings or the
substitution of carbon atoms by hetero-atoms, such as O, N,
P, and B. Depending on the hetero-atom electro-negativity
relative to C, the doping can be categorized as either n-doping
with atoms such as N, O, and P or p-doping with atoms such as
B. These hetero-atom-doped graphene films have been shown
through density functional theory (DFT) simulations to have
(opto) electronic properties distinct from those of undoped
graphene films. Both n-doping and p-doping cause a separation
between the bands at the Dirac point due to contributions
from the hetero-atom pz orbitals in addition to the carbon 2pz
orbitals from graphene.8,13,14 Also, the Dirac point relative to
the Fermi level changes; n-doping causes a higher Fermi level
compared to the Dirac point and p-doping causes a lower
Fermi level compared to the Dirac point.8,9,13,14 However, a
special case occurs for certain defects such as O-doping or
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vacancies leading to distorted five or nine carbon member
rings, wherein the Dirac point opening is accompanied by the
appearance of an extra band between the π and π* band.15

DFT calculations also revealed changes to the dielectric
function of doped graphene compared to that of undoped
graphene for the in-plane polarization of light such as
dampening8,9,14 of the imaginary part at the peak at approx.
4.3 eV (corresponding to the π → π* transition) and shifts in
the peak of the real part of the dielectric function with
increased hetero-atom doping.8 In addition, vacancies in the
graphene sheet were shown to cause the dampening of the
peak of the imaginary part of the dielectric function at 4.3 eV.15

Defective graphenes demonstrate photocatalytic activity for
hydrogen evolution,16 heterogeneous catalysis,17 electrocatal-
ysis,18 and energy storage,19 among other applications.20−23

Despite this, compared to pristine graphene24,25 or even
graphite,26,27 few photophysical studies particularly using
optical pump−optical probe spectroscopy have been con-
ducted on doped graphenes. Kadi et al. performed a
microscopic study of the carrier dynamics in n- and p-doped
graphene.28 Compared to that in p-doped graphene, the carrier
thermalization in n-doped graphene was faster due to more
available scattering partners in the conduction band. Similar
results were also reported by Johannsen et al.29 These reports
show how doping effectively shifts the photoresponse of
graphene in subpicosecond to picosecond time domains;
however, such short time scales are unlikely to affect the
catalytic activity. A long-lived transient at around 300 nm was
observed by Oum et al.30 but was attributed to the interfacial
heat flow from the graphene to the supporting substrate.
Considering the difference in opto (electronic) properties and
the changes in the transient response at shorter time scales
(subpicosecond to picosecond) of doped graphene compared
to those of undoped graphene, the transient response at longer
time scales (>1 ns) requires further investigation. Presumably,
the photoexcitation of doped graphene should activate the
photo-catalytic centers with sufficient lifetime for interfacial
chemical reactions, which have not yet been observed using
time-resolved spectroscopy.
Consequently, the opto (electronic) response of multi-layer

N-doped graphene-based films pyrolyzed from chitosan31 on a
quartz substrate was studied in this paper using transient
transmittance and reflectance spectroscopy and compared to
those of a multi-layer undoped graphene-based film control. As
with several other spectroscopic studies,25,30,32 multi-layer
graphene-based films were used in this paper instead of
monolayer graphene, which is barely sensitive with the optical
pump−probe technique because of the monolayer’s high
transparency in the visible range with transmittance essentially
over 90%.30 However, attention was paid to using advanced
characterization techniques to ensure that the samples in the
study were indeed multi-layer graphene-based films and not
“pure” graphite films. The multi-layer N-doped graphene-based
films were prepared as a series with different nitrogen and
surface defect proportions as a function of pyrolysis temper-
ature, 900−1200 °C,33 with a targeted optical density of 0.2−
0.4 at the excitation wavelength (500 nm). Then, the resulting
optical spectra were interpreted by data modeling using
Drude−Lorentz (D−L) parameters34,35 to decode the carrier
dynamics responsible for the improved catalytic activity of
multi-layer N-doped graphene-based films.

■ EXPERIMENTAL SECTION
Materials. Multi-layer defective, N-doped graphene-based

films were prepared from spin-coated chitosan aqueous
solutions on a quartz substrate and pyrolyzed under argon at
four different temperatures (900, 1000, 1100, and 1200 °C; see
Section S1). The chitosan concentrations were adjusted to
obtain films with transmittance suitable for transient
absorption (TA) studies and labeled as NGF900, NGF1000,
NGF1100, and NGF1200. A multi-layer undoped graphene-
based control film (labeled as GTF) was prepared by
polystyrene sublimation on quartz substrate as previously
reported.36

Instrumentation. The Raman spectra were acquired using
a Horiba Jobin Yvon-Labram HR UV−Visible− near-infrared
Raman microscope spectrometer, using a laser at 632 nm
excitation.
The X-ray photoelectron spectroscopy (XPS) spectra were

acquired using a SPECS spectrometer (Surface Nano Analysis
GmbH, Berlin, Germany) with a Phoibos 150 MCD-9
detector. Before measurements, the samples were evacuated
into the XPS setup antechamber at 10−9 mbar (see Section S1
for further details).
The atomic force microscopy (AFM) images were acquired

using a Veeco AFM apparatus with the contact mode at
ambient temperature in air to measure the thickness and
roughness. The films were scratched to determine the
thicknesses (see Section S1 for further details).
The steady-state transmittance, T, of the samples was

measured with a Shimadzu UV-3600 series spectrophotometer
in air. The specular reflectance, R, of the samples was
measured with the same spectrometer and a specular
reflectance attachment (for 5° incidence angle) in air (see
Section S1 for further details).
The transient absorption spectra were acquired using a laser

pump−probe setup. The fundamental laser pulses at a
repetition rate of 1 kHz and a pulse width of 100 fs were
generated at 800 nm by the Libra F system, Coherent Inc.,
which was coupled with an optical parametric amplifier (OPA)
Topas C, Light Conversion Ltd. These laser pulses were used
to produce the pump beam to excite the sample and the probe
beam (white continuum) to monitor the spectra. The pump
beam wavelength at 500 nm (0.1 mJ cm−2) was generated by
channeling a portion of the fundamental laser to the OPA. The
white light for the monitoring range of 530−1100 nm was
generated by channeling the rest of the light to a sapphire
crystal. The transient absorption responses of the probe beam
which were facilitated by means of a delay line were then
measured using an ExciPro TA spectrometer (CDP, Inc.) with
the Si and InGaAs diode arrays for the visible and the NIR
ranges, respectively. An in-house-developed fit program was
used for the multiexponential fitting of the transient responses
for all the samples with the instrument response (100 fs)
modeled by a Gaussian pulse and group velocity dispersion
compensation (see Section S1 for further details).

■ RESULTS AND DISCUSSION
Sample Structure Characterization. The formation of

multi-layer defective graphene-based films with graphitic (G)
and defect (D) bands at 1590 and 1350 cm−1, respectively, was
confirmed by Raman spectroscopy (see Figure S2). The IG/ID
ratios in the NGF900−1200 films, with values of 0.84, 0.85,
0.80, and 0.81, illustrate a roughly similar defect proportion.
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The C 1s, O 1s, and N 1s high-resolution composition
spectra obtained by XPS are presented in Figure S3 (see
Section S2 for further discussion). The C, N, and O
proportions and chemical environments are summarized in
Tables 1 and S1, respectively. For the comparisons, we

assumed the homogeneity of the multi-layer N-doped
graphene-based films in the sense of their breadths, as XPS
is only a surface characterization technique. As previously
reported,33 the temperature promotes a decrease in N content
(pyridinic-N reduces, while the N-oxides increases) and
increase in graphitization (sp2 component of the C 1s
peaks).33 Conversely, the trend for the O content from the
incomplete carbonization of the chitosan precursor fluctuated
within a particular range, although there was an overall
decrease from NGF900 to NGF1100. However, we can infer
from these results in combination with the Raman spectra that
increased pyrolysis temperatures reduces the number of defects
or promote graphitization in multi-layer defective, N-doped
graphene-based films. Nevertheless, the XPS measurements
(shown in Figure S3) do not indicate the detectable presence
of any sp3 bands corresponding to graphite,37 meaning that the
samples can be classified as multi-layer graphene films rather
than graphite films. The trend in Table 1 is smooth at
NGF900−1100 but “broken” at NGF1200 due to organic
matter volatilization occurring over further chemical trans-
formation.
The roughness and thickness of the multi-layer graphene-

based films determined by AFM are shown in Figure S4 (see
Section S2 for further discussion). Six independent cross-
section measurements on the images of NGF900−1200 reveal
average film thicknesses of 29.3 ± 5.7, 20.5 ± 1.7, 30.3 ± 2.4,

and 45.3 ± 3.5 nm, respectively. The measured roughness
mean square (Rq) of all the samples is approximately 1.5 nm,
indicating very flat and homogeneous surfaced films.
These characterization techniques confirm the production of

multi-layer N-doped (defective) graphene-based films and as
such a deviation in the opto-electronic properties of our NGF
samples compared to the GTF reference and pristine
monolayer graphene films in general is expected.
Steady-State Spectra. The sample steady-state trans-

mittance (T) and reflectance (R) spectra are presented in
Figure 1. The optical properties of the multi-layer graphene-
based films in the UV−visible−near-infrared region were
successfully modeled in frame of the Drude−Lorentz (D−L)
dispersion model,34,35 including multi-layer-doped graphene-
based films.38 The Drude component presents dielectric
properties of the free electrons (plasmons), and the Lorentz
band is due to π → π* transition. There are a few
mathematically equivalent presentations of the D−L
model.39−43 In this paper, we will use the following equation
for the complex dielectric function based on the D−L
dispersion model

E
E

E E i
A

E E iE
( )

( )
D
2

D

L
2

L
2 2

L
=

+
+

(1)

where E = hν is the photon energy, ε∞ is the high-frequency
dielectric constant, ED and ΓD are the energy and damping of
the Drude component, and AL, EL and ΓL are the intensity
factor, the resonance energy, and the width (damping) of the
Lorentz band, respectively. The amplitude of the Lorentz
component, AL

2, is sometimes presented as AL
2 = f EL

2, in
which case f is referred to as the oscillator strength.41,43 In
frame of the classic electrodynamics, the Drude frequency, ωD
= ED/ℏ, is determined by the density, Ne, and effective mass,

me*, of the free carriers, electrons, as
N q

mD
2 e e

2

0 e
= * .

44

It is notable that the transmittance spectra in Figure 1a show
no specific absorption bands, which can be attributed to the
doping centers. Therefore, the assumption is that the doping
level is relatively low with no significant effect on the steady-
state T and R spectra, which means that the dielectric function
spectra are not affected significantly by the doping in the
visible−NIR part of the spectrum. In other words, the
differences in the T and R spectra between the samples

Table 1. Summary of the Atomic Composition of the
Samples Obtained by XPS

loading
NGF900
(%)

NGF1000
(%)

NGF1100
(%)

NGF1200
(%)

C 1s % wt 89.87 90.19 92.89 92.67
% atom 91.86 92.22 94.36 94.25

O 1s % wt 6.79 7.47 5.03 5.95
% atom 5.21 5.74 3.84 4.54

N 1s % wt 3.34 2.33 2.07 1.38
% atom 2.93 2.03 1.81 1.20

Figure 1. (a) Transmittance and (b) reflectance spectra of NGF900−1200 samples. The symbols are the measured raw data, and the lines are the
global fitting results.
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come from the differences in the thicknesses and not from the
dielectric function.
The experimentally measured spectra, T and R, are modeled

using the transfer matrix method (TMM),45,46 which accounts
for the light reflectance on both sides of the film as well as light
interference within the film. These calculations are carried out
using a known thickness d and the complex refractive index ñ.
The latter is directly calculated from the dielectric function,
n = . The spectra of all the doped samples were fitted
globally to a common set of D−L parameters, which means
that all the samples have the same dielectric function and
individual film thicknesses. The measured and fitted spectra are
shown in Figure 1, and fit details are provided in Section S3.1.
There were two samples for each of the four pyrolysis
temperatures. The difference between the samples pyrolyzed at
the same temperature was minor; therefore, only one sample
spectrum for each temperature is shown in Figure 1.
The samples were prepared specifically for TA measure-

ments, which impose restrictions on the sample absorbance
between 0.2 and 0.7 O.D within the monitoring range (530−
1100 nm). Therefore, a different amount of precursor was used
for samples annealed at different temperatures. The non-
intended result was that the absorbance of the samples
annealed at higher temperatures was higher. This trend is
obvious from the T spectra in Figure 1a and AFM
measurements in Figure S4.
The low accuracy of the measured reflectance spectra

(Figure 1b) was due to the reference mirror corrections (see
Section S1 for further discussion). Therefore, during the fit, the
reflectance data was used with a weight factor of 0.1 relative to
the transmittance data. However, the general trend in the
reflectance spectra was consistent between the measured and
modeled reflectance spectra at wavelengths >500 nm.
Conversely, the region with the most apparent deviation of
the fit curves from the data was the UV region, 230−350 nm.
This is the region with the Lorentz band maximum, and
apparently, a single Lorentz component is insufficient for the
perfect spectra fitting. However, within the range of the TA
measurements, roughly 530−1100 nm, the fits are reasonably
good with deviations of less than 0.003 for the T spectra.
The D−L fit parameters are summarized in Table 2 and the

sample thicknesses in Table S2. During the fit, the ED value

was fixed because of almost 100% correlation with ΓD, and EL
ended at the allowed lower limit of 4.4 eV (282 nm). The
sample thicknesses obtained from transmittance and reflec-
tance spectra measurements (Table S2) are of the same order
of magnitude with the thicknesses estimated from the AFM
measurements. However, there are some variations between
these values due to the experimental error of measuring ultra-
thin layers with AFM as explained in Section S3.2. Ultimately,
the optically derived thicknesses were utilized for our analysis

because first, they are taken from a larger and more
representative multi-layer graphene-based film area (of a few
squared millimeters), second, they relied on the same optical
properties of the samples used in the analysis and, finally, they
were of the same order of magnitude with the AFM values,
which suggested a reasonably accurate fit.
The model spectra of real and imaginary parts of the

dielectric function are shown in Figure S5. The obtained D−L
model parameters were in good agreement with the previously
reported values for multi-layer graphene films (see Figure S6 in
Section S3.1).34

TA Spectra. The TA measurements were carried out using
a standard pump−probe technique, but complementing the
detection of the standard transmitted probe (transient
transmittance, or TT) with detection of the reflected probe
(transient reflectance, or TR) as well, as schematically
presented in Figure S1. The pump−probe instrument only
had a single detection channel; hence, the TT and TR
measurements were made consecutively. For these consecutive
measurements, the TT and TR probe beams had to be
realigned with the fiber optic cable connected to the detector.
In addition, the measurements were carried out in two
wavelength ranges, with an accompanying change of the
detector (Si and InGaAs for visible and NIR range,
respectively). Despite this, similar experimental conditions
(the excitation energy and the studied spot of the sample) were
ensured for each measurement (see Section S1 for further
details).
The transient transmittance (TT) and reflectance (TR)

responses of GTF in Figure 2a were short-lived. This agrees
with previous studies, which connected the fast relaxation with
the fact that graphene is a zero band gap semiconductor.25

Immediately after excitation, the carriers are thermalized above
the Dirac point by carrier−carrier scattering before rapid
recombination and cooling to equilibrium temperature.29 The
data in Figure 2a were fitted as a bi-exponential decay which
delivered 0.1 and 0.58 ps time constants. Dawlaty et al.25

suggest that these two components result from carrier−carrier
and carrier−phonon scattering, respectively, with the latter
more affected by defect proportion. Similarly, optical pump−
terahertz (THz) probe spectroscopy has shown biexponential
decays due to coupling between optical phonons and hot
carriers.47,48 Several publications suggest three decay compo-
nents due to carrier−carrier,29,30,49,50 faster carrier−optical
phonon, and slower carrier−acoustic phonon scattering,
respectively. Since carrier−carrier scattering between 30 and
40 fs is beyond our instrument’s time resolution (100−200 fs),
the last two components correspond to the fitted time
constants. The TT and TR responses of graphite are also
short-lived within the subpicosecond to picosecond range, with
a response time constant showing a proportional dependence
with the monitoring wavelength26,27 and a slightly increased
lifetime because of increased out-of-plane motions in graph-
ite.51

The TT and TR responses of one of the doped samples,
NGF1000, are presented in Figure 2b (see Figures S7−S10,
Section S4.2 for the full NGF series). Both the transmittance
and reflectance responses have a fast decay (<1 ps) similar to
multi-layer undoped graphene-based film (GTF), labeled as
the “first wave”. In addition, there is a longer-lived response
formed within 20−30 ps and only present for the multi-layer
doped graphene-based films (NGF series), labeled as the
“second wave”. The “second wave” is lower in magnitude than

Table 2. Drude−Lorentz Parameters Modeling the Steady-
State Transmittance and Reflectance Spectra

parameter value comments

ε∞ 2.1 ± 0.1
ED, eV 6.0 fixed
ΓD, eV 3.4 ± 0.1
AL, eV 12.2 ± 0.1
EL, eV 4.4 at lower limit
ΓL, eV 6.7 ± 0.1
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the “first wave” and more pronounced for TR than TT.
Notably, in the time domain of the “second wave” (>10 ps), all
the N-doped samples had this feature, while the undoped
samples lacked this response.
The excitation density dependence of the TA response was

checked, and a linear relation between the response intensity
and excitation density was confirmed for both the “first” and
“second waves” (see Figure S14, Section S4.3). This suggests a
so-called linear regime and excludes multi-photon phenomena.
In addition, a few excitation wavelengths (i.e., 320, 500, and
640 nm) were checked, and no essential wavelength depend-
ence was observed (see Figure S15, Section S4.3).
The TT and TR data measured in the wavelength range

530−1100 nm were fitted globally using a three-exponential
model to obtain the rough estimation of the time constants for
the “first wave” decay (<1 ps), the formation of the “second
wave” (20−30 ps), and its subsequent decay (>1 ns). It should
be noted that the obtained time constants are common to both
the TT and TR responses throughout the whole measured
spectrum range as shown in Figure S16. In addition to the time
constants, the fit provides the decay-associated spectra (DAS)
or the spectra of the pre-exponential factors, ai(λ) in the fit
model, A t a a( , ) ( ) ( ) ei

t
T,R 0

i= + , where a0(λ) is
the disturbance of the detected probe independent of the delay

time, e.g., scattered light from the pump. As an example, the
obtained DAS for the NGF1000 sample are presented in
Figure 3. The spectrum of a0(λ) is shown in the figure as
“Const”, and it is virtually zero at all wavelengths except the
blue side approaching the excitation at 500 nm (due to
scattering of light from the pump). The DAS of other samples
in the NGF series are shown in Figures S11−S13 (See Section
S4.2). The comparison between the DAS of the “first wave”
and the “second wave” at different pyrolysis temperatures is
shown in Figures S17 and 18 (Section S4.4).
The mirror-like △AT(λ, t) and △AR(λ, t) responses

(Figures 2 and 3) point to a stronger effect of the refractive
index change, △n, than the absorption coefficient change,
△k, on the measured signals. A decrease in △n upon photo-
excitation decreases the reflected light and increases the
transmitted light intensity, leading to mirror-like TT and TR
responses. On the contrary, the change in the sample
absorption must result in simultaneous increase (if △k < 0)
or decrease (if △k > 0) of both TT and TR responses.
However, the interpretation of the spectra is complicated as
both n and k may change, and the effect of the change depends
on the initial values of n and k.
The complex refractive index, ñ = n + ik, is determined by

the complex dielectric function, n = , as was noted above.
Therefore, the response can also be discussed in terms of

Figure 2. (a) TT and TR decay profiles of the multi-layer undoped graphene-based film (GTF) sample at 650 nm. (b) TT and TR decay profiles of
multi-layer N-doped graphene-based films pyrolyzed at 1000 °C (NGF1000) at 650 nm. (The first picosecond is in linear, while the rest is in
logarithmic scale.)

Figure 3. DAS resulting from the global fit of the TT and TR spectra for the NGF1000 sample. The transmittance and reflectance DAS are
indicated by filled symbols and open symbols, respectively. Plots (a,b) represent the same spectra, but in plot (b), the scale is magnified to highlight
the “second wave”.
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changing the real, ε1(λ), and imaginary parts, ε2(λ), of the
dielectric function, ε(λ) = ε1(λ) + iε2(λ). Formally, n2 = , or
n2 − k2 = ε1 and 2nk = ε2, meaning that ñ can be recalculated
to ε and vice versa. The analysis of the dielectric function and
its photo-induced change can be achieved using the D−L
model, which provides information on the photophysical basis
behind the signal changes.
The knowledge of the sample dielectric function, eq 1, can

be used to predict the TT and TR responses to a small change
of ε1 and ε2. The D−L model allows us to establish the linear
relation between △AT and △AR and △ε1 and △ε2,
provided that the change is small (the first-order approx-
imation). In other words, a pair of measurements, △AT(λ, t)
and △AR(λ, t), can be recalculated to a pair of △ε1(λ, t) and
△ε2(λ, t), for a known dispersion model, eq 1. The model is
available from the fits of the steady-state transmittance and
reflectance spectra, as discussed above. The recalculations can
be made for each measured wavelength (independent of delay
time), subsequently providing an alternative interpretation of
the same measured results. However, instead of recalculating
the whole data array (△AT(λ, t), △AR(λ, t)) to another data
array △ε(λ, t), the focus is shifted to the spectra of the “first”
and “second waves”.
The “first wave” spectra are calculated as the sum of all DAS

obtained for TT and TR measurements, denoted previously as
△AT and △AR, respectively. This is justified by using zero

t i m e i n t h e s u m o f e x p o n e n t i a l s ,
A t a a( , 0) ( )e ( )i

t
iT,R

/ i= = = , where ai(λ) are
the DAS. In practice, the fast component (0.15 ps in Figure 3)
has a greater signal intensity than those of the two longer-lived
components together; thus, the spectrum calculated as the sum
of exponentials is almost the same as the fast component DAS.
The spectrum of the longest-lived component (6.4 ns in Figure
3) is denoted as the “second wave”, which is justified by the
fact that τ3 ≫ τ2 ≫ τ1. The calculated dielectric function
spectra for the “first” and “second wave” are presented in
Figure 4 for samples pyrolyzed at different temperatures.
The △ε(λ) responses of NGF900−1100 samples are

reasonably similar, but the response of NGF1200 differs
significantly for both the “first wave” and the “second wave”. In
addition, the features of the △ε(λ) spectra for the “first” and
the “second waves” are rather distinct from each other. In
particular, the intensity of the real part is increasing toward the
longer wavelengths for the “first wave” and decreasing toward
the longer wavelengths for the “second wave”.
In order to determine the origin of the “first” and the

“second waves”, the established D−L dielectric function model
was used to predict the effect of variation of each individual
D−L parameter on the TT and TR responses. This was
achieved by adding a 1% disturbance to each individual
parameter and calculating the resulting difference relative to
the non-disturbed ground-state spectra △AT(λ) and △AR(λ)

Figure 4. Spectra of real (a) and imaginary parts (b) of the dielectric function change of the “first wave” and the real (c) and imaginary (d) parts of
the “second waves”. Pyrolysis temperatures are 900, 1000, 1100, and 1200 °C; the symbol codes and colors are indicated in plot (b). The △ε scales
in plots (c,d) are magnified from Figure S19 to better highlight the spectra of samples pyrolyzed at lower temperatures.
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of the TT and TR measurements. The calculated responses are
shown in Figure S20 (Section S4.5). From the figure, a change
in Drude parameters, ED or ΓD, has a stronger effect on the TT
and TR responses in the red part of the spectrum, whereas the
change in Lorentz parameters AL or EL has a stronger influence
on the TT response toward the 530 nm side of the measured
range of 530−1100 nm and gives almost a flat TR spectral
response. Thus, at a qualitative level, the photo-induced
change of dielectric function associated with the “first wave”
(Figure 4a,b) is attributed to a change in the Drude
component (free carriers or plasmon response) predominantly,
namely, a photo-induced decrease of the Drude component.
With the same logic, the “second wave” (Figure 4c,d) is
conversely associated with a change in the Lorentz component.
Since the spectral features of the TT and TR responses are

distinct for each of the D−L parameters (see Figure S20), the
△ε(λ) spectra can be decomposed to distinct spectral
responses associated with the photo-induced changes of the
individual D−L parameters, or the △ε(λ) spectra are fitted to
the change of the individual D−L parameters. Altogether, the
D−L model depends on six parameters: ε∞, ED, ΓD, AL, EL, and
ΓL. Therefore, two spectra, Re(△ε(λ)) = △ε1(λ) and
Im(△ε(λ)) = △ε2(λ), can be fitted by tuning six parameter
values: △ε∞, △ED, △ΓD, △AL, △EL, and △ΓL.
The overall analysis procedure is divided in three steps as

presented in Figure 5. First, the steady-state transmittance and

reflectance spectra (Figure 1) are used to establish a suitable
D−L model and determine the D−L parameters: ε∞, ED, ΓD,
AL, EL, and ΓL (Table 2). Second, the TT and TR
measurements are fitted to obtain the DAS spectra (Figures
3, S11−S13) and to evaluate the TT and TR spectra of the
“first” and “second waves”, which are recalculated to the
corresponding △ε1(λ) and △ε2(λ) spectra using the D−L
model (Figure 4). Finally, the △ε1(λ) and △ε2(λ) spectra are
fitted to evaluate the contribution of the photo-induced
disturbance of D−L parameters to the measured responses of
the samples. The details of the calculations and fits are outlined
in Section S4.1 of the Supporting Information.
Figure 6 shows the fitting of NGF1000 as an example (see

Figures S21−S23, Section S4.6 for other NGFs). The fittings
of the samples pyrolyzed at 900−1100 °C fall within a

reasonable accuracy compared to the measurements. Figure 7
summarizes the change in the D−L parameters of the multi-
layer N-doped graphene-based film series associated with the
“first” and “second waves”, respectively. The △ε∞ value is
virtually zero for NGF900−NGF1100 samples but rises up by
1.3 for the “first wave” and by 0.45 for the “second wave” of the
NGF1200 sample.
Interestingly, the fitted D−L parameters for the “first wave”

of NGF1100 are very different from those of the NGF900 and
NGF1000 samples, though their corresponding responses
(Figure 4a,b) do not change radically. Conversely, the fitted
D−L parameters for the “second wave” of the NGF1100
sample are similar to those of the NGF900 and NGF1000
samples, and the sharp change happens with the NGF1200
sample.
The “first wave” represents the instant change in the multi-

layer graphene-based film optical properties at the event of
photo-excitation. Although the largest absolute change
associated with the “first wave” is obtained for AL, the static
value of AL is also the largest (Table 2), which means the
overall contribution of △AL is not the strongest. On the other
hand, the largest relative change for the “first wave” was
calculated for the Drude damping ΓD, which is inversely
proportional to carrier scattering time or the plasma relaxation
time.44 Therefore, as △ΓD < 0, the photoexcitation increases
the scattering time or conductivity at higher pyrolysis
temperatures. At the same time, the Drude energy, ED, also
decreases, which can be interpreted as a decrease in the
number of “plasmon” electrons. This can be interpreted as the
effect of “hot” electron generation, which differs significantly
from the “ground state plasmons”. This is in agreement with
photoelectron spectroscopy studies of similar n-doped
graphene films,29 and graphene conductivity changes measured
by THz spectroscopy, which were considered using the Drude
model position of the Fermi level relative to the Dirac
point.47,52 The overall explanation for this trend in Figure 7 is
that the extra carriers in the π* band before excitation reduce
the possible excited carriers owing to Pauli blocking,29,47 i.e.,
there is reduced available phase space and conductivity with
increased N doping (lower pyrolysis temperatures).
In addition, the position of the Lorentz band, EL, virtually

does not change, whereas the band width, ΓL, increases with
higher pyrolysis temperatures. The changes associated with the
Lorentz component are interpreted as an increase in intensity
(△AL > 0) and a broadening of the band (△ΓL > 0) on event
of the photo-excitation. A qualitative interpretation is that
immediately after the excitation, there are more carriers
available for the π → π* transitions (△AL > 0), and there is a
disturbance of the transition energies or the bandwidth
broadening.
The D−L parameter changes associated with the “second

wave” were an order of magnitude smaller and inverted
(opposite sign of the change) compared to that in the “first
wave”. The change in ΓD (△ΓD > 0) suggests a fall in
conductivity compared to the ground state, while the AL and
ΓL changes suggest a less efficient and narrower π → π*
transition. This inversion in the parameters suggests that a
different phenomenon opposite to opto-electronic contribu-
tions of the “first wave” starts to occur, with the carriers
experiencing a restrictive force akin to trapping. It is interesting
to notice that virtually no signal is observed in the time interval
of 1−5 ps, though the later formation of the “second wave”
(10−40 ps) clearly shows that there is no complete relaxation

Figure 5. Schematic presentation of the steps involved in the spectral
data analysis of the samples. (Supporting Information for eqs S4 and
S6.)
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of the photo-generated carriers. Presumably, there is an
intermediate state, which leaves no spectral features in the
sample optical response within the 530−1100 nm monitoring
range and which is a precursor to fill the N-doping centers. An
interesting monitoring range would be the Lorentz band in the
UV region, which is also known as Fano band. Unfortunately,
the generation of probe light in this range requires specific
accessories not available in our pump−probe instrument.
However, Oum et al. reported a long-lived TA response in this
range using a pump−supercontinuum probe technique.30 They
reported a shift of the Fano band with recovery time extended
to hundreds of picoseconds. This shift was attributed to the
lattice heating. However, we observed the “second wave” only
in the doped samples, which excludes heating as the main
reason for the “second wave” as the heating effect must be the
same for all samples. Consequently, there must be another
mechanism to activate the doping centers, which determines
the photo-catalytic activity of the multi-layer doped graphene-
based film samples.
The reason to associate photo-catalytic activity of the multi-

layered doped graphene-based film samples with the “second
wave” is the lifetime, the signal virtually not degrading within
our measurement scale. The doping centers were undetected in
steady-state spectra due to the low concentration (2−3% N),
as summarized in Table 1. The possible N-doping centers
include pyridinic or quaternary N,53,54 as outlined in Table S1.

However, it can be noticed that the most probable time scale
for the catalytic reaction is much longer that available in our
pump−probe instrument, 6 ns. Also, the measurements
reported here were carried out in open air, while catalytic
reactions require very different environments.

■ CONCLUSIONS

This transient absorption study provides novel photophysical
evidence of the unique behavior of multi-layer N-doped
graphene-based films, derived from biomass waste compared to
that of multi-layer pristine graphene-based films through a
long-lived photoresponse from active N-doping centers. The
steady-state and time-resolved spectra were analyzed within the
Drude−Lorentz model and coupled with XPS data, showing
that the “first wave” changes with increased pyrolysis
temperatures (decreased N-doping) were due to increased
conductivity, while those in the “second wave” were due to
trapping of the photo-generated carriers. Since an additional
Lorentz component (due to insufficient data on energy and the
damping factor) was unutilized in our model, these results are
considered only as indirect proof of the enhanced photo
(electro) catalytic activity of the multi-layer N-doped
graphene-based film samples due to N-doping centers.

Figure 6. Fits of the real (blue) and imaginary (red) parts of the dielectric function change for the “first wave” (a) and the “second wave” (b) of the
NGF1000 sample (the symbols are from the raw measured TT and TR responses, and the lines are from the fitting results).

Figure 7. Fitted changes in the D−L parameters as a function of pyrolysis temperature for the “first wave” (a) and the “second wave” (b).
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